Glycine betaine relieved sodium chloride-mediated inhibition of growth in Azospirillum lipoferum ATCC 29708.
Introduction
Increasing salinity in agricultural ¢elds a¡ects not only the crop plants but associated soil and rhizosphere bacteria as well. Presence of trehalose, glutamate, proline, betaines in the root exudates of salt stressed plants may provide an adaptive advantage to those rhizosphere bacteria which have the ability to scavenge and use these compounds as osmoprotectants. Bacteria of the genus Azospirillum colonize the rhizosphere of several important cereals and grasses and are regarded as plant growth promoting rhizobacteria. Azospirillum brasilense has been investigated in detail with respect to the role of glycine betaine in osmotolerance and the physiological mechanism of glycine betaine uptake [1^3] .
Relatively little is known about osmoregulation in A. lipoferum which is known to preferentially colonize the roots of agronomically important C4 plants such as maize, sorghum, millets, etc. [4] and displays versatile metabolic activities. No genetic study on osmoregulation has so far been conducted on A. lipoferum which was thought to be relatively osmosensitive as it failed to use glutamate, proline and glycine betaine as compatible solutes [5] . We are reporting here on the existence of proU-like osmo-regulatory system in A. lipoferum ATCC 29708 and cloning of proU-like gene.
Materials and methods

Media and growth conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . A. lipoferum and E. coli were grown in nutrient broth at 30³C and 37³C, respectively. E¡ect of NaCl with or without glycine betaine (1 mM) on the growth of A. lipoferum and E. coli were monitored as increase in optical density at 560 nm in minimal media, MAZ [6] , MMA and M56 [7] , respectively. Antibiotics were used at following concentrations (Wg/ml): rifampicin (Rif), 100; tetracycline (Tc), 15; streptomycin (Str), 200; chloramphenicol (Cm), 25; ampicillin (Ap), 100.
Labelling of salinity shock-induced proteins
A. lipoferum was grown for 24 h in nutrient broth, harvested and resuspended in minimal medium and grown for 12 h at 30³C in an orbital shaker at 120 rpm. NaCl was then added to a ¢nal concentration of 300 mM. Cultures were then incubated for 1 h with shaking. Proteins were labelled with QS S-methionine (added at 0.0375 mCi/ml) during last 30 min of exposure to the NaCl stress. Cells were lysed by adding cracking bu¡er, boiling for 2 min and then returning to ice followed by centrifugation. Supernatants were used for resolving proteins on discontinuous SDS-PAGE 10% electrophoresis. Labelled proteins were visualized by autoradiography after the gel was dried [8] .
Immunoblot analysis
A. lipoferum was grown in MAZ medium for 24 h with shaking at 30³C with and without 300 mM NaCl. Equal amounts of cells were taken for extraction of total proteins by the lysis of cells in cracking bu¡er as described above. The proteins were resolved by 10% SDS-PAGE and electroblotted for 1 h at 0.8 mA cm 3P onto nitrocellulose membrane (45 Wm, Schleicher and Schuell) with a Trans-Blot Semi Dry Transfer Cell (BioRad) according to the manufacturer's recommendations. To block nonspeci¢c binding sites, the ¢lters were incubated in 10% (w/v) milk powder in AP-T bu¡er (1 M Tris/HCl, pH 7.4, 1 M NaCl, 25 mM MgCl P ) for 1 h at room temperature. After blocking, the ¢lter was washed once for 15 min and twice for 5 min at room temperature with AP-T. Subsequently, ¢lters were incubated for 1 h in AP-T containing a 1:500 dilution of the polyclonal antiglycine betaine binding protein antibody [9] (kindly provided by M. Villarejo, Davis, USA). Filters were later washed once for 15 min and twice for 5 min in AP-T. After washing, ¢lters were incubated for 1 h in AP-T containing 1:5000 dilution of secondary antibody (anti-rabbit) conjugated with horse radish peroxidase. Excess antibodies were removed by washing 1U15 min and 4U5 min in AP-T. Immunoreactive band was visualized by 4-chloro-1-naphthol and 3% H P O P for detection.
Genetic techniques
A genomic library of A. lipoferum ATCC 29708 cloned in BamHI site of the cosmid pRK312 was conjugatively mobilized, en masse, from E. coli S17-1 into the proU mutant, E. coli GJ146 in Eppen- dorf tubes [10] . E. coli GJ146 (uracil auxotroph) exconjugants containing cosmid (pRK312) clones were enriched by ampicillin treatment [7] in presence of uracil to eliminate E. coli S17-1 donors which were uracil prototrophs. Conjugation mix after overnight incubation at 37³C was transferred into MMA containing tetracycline and uracil and grown overnight at 37³C with shaking. Three ml of this culture was centrifuged followed by washing the cells twice with sterile saline (0.85% NaCl). After incubating at 37³C with shaking for 2 h, 1.5 ml of the cell suspension was transferred into minimal medium lacking uracil. Ampicillin (50 Wg/ml) was then added and allowed the culture to grow till a loss in the turbidity (resulting from the lysis of cells) was apparent. Culture was then washed and resuspended in minimal medium supplemented with uracil and tetracycline. Enriched culture was then inoculated directly on MMA containing 600 mM NaCl and 1 mM glycine betaine. Colonies were then replica plated on MMA plates lacking uracil and on LB plates containing tetracycline and chloramphenicol. Eight colonies which were resistant to Tc and Cm but were auxotrophic for uracil were selected for plasmid isolation by minipreparation. The proU containing DNA fragment was labelled with digoxigenin-11-dUTP (DIG) by random priming method as speci¢ed by the manufacturer of the labelling kit (Boehringer Mannheim, Germany). The 8 kb PstI fragment was eluted after digesting cosmid pAT1 and resolving on 0.8% agarose gel. Plasmid pSUP202 was digested with PstI, dephosphorylated and used for ligating the 8 kb PstI fragment. Ligation mix was transformed in E. coli GJ146 and plated on MMA containing 600 mM NaCl, 1 mM glycine betaine and chloramphenicol. The colonies were replica plated on LB plates containing ampicillin. Plasmids from ampicillin sensitive clones were isolated and analyzed for the presence of 8 kb PstI fragment.
Results
E¡ect of NaCl concentrations on the growth rate of A. lipoferum is shown in Fig. 1 . Addition of 200 mM and 300 mM NaCl increased the doubling time from 3 h in the minimal medium to 10 h and 16 h, respectively. The highest cell density (OD STH ) attained in presence of 200 mM NaCl was about two and half times less than the control whereas 300 mM NaCl increased it about ¢ve times. Addition of glycine betaine at a concentration of 1 mM supported more than two-fold stimulation of growth in presence of 300 mM NaCl. Growth stimulation by glycine betaine was more pronounced in presence of 300 mM NaCl than in 200 mM NaCl. Ability of glycine betaine to stimulate growth under salinity stress in E. coli [11] , R. meliloti [12] and A. brasilense [1] has earlier indicated for the existence of high-af¢nity glycine betaine transport system (ProU) which requires concerted action of at least four proteins, OmpC, ProX, ProW and ProV [13] .
Salinity stress response of A. lipoferum was observed by shifting the cells into minimal medium containing 300 mM NaCl. Proteins were labelled with QS S-methionine following the upshift in salinity. Protein pro¢les of cells exposed to salinity upshift indicated that 3^4 protein bands were induced/enhanced and 1^2 proteins were inhibited (Fig. 2) . The most notable among all these proteins was a prominently induced band of about 30 kDa. This Fig. 1 . E¡ect of sodium chloride on the growth and role of glycine betaine in relieving the growth inhibition caused due to NaCl stress. Symbols : a, control; E, 200 mM NaCl ; O, 200 mM NaCl+1 mM glycine betaine; F, 300 mM NaCl; R, 300 mM NaCl+1 mM glycine betaine.
protein is close to the size of the glycine betaine binding protein (30 kDa) of ProU system in E. coli. In order to identify and localize the Western blot containing total proteins from cells grown with and without salinity stress was used for immunological detection with E. coli anti-GBBP antibody which showed a cross-reacting band of ca. 30 kDa in salinity stressed cells (Fig. 2) . No cross-reacting band could be seen in the unstressed cells.
Based on the above mentioned suggestive indications for the existence of a ProU-like system in A. lipoferum ATCC 29708 we attempted to isolate the clones from the cosmid library of A. lipoferum ATCC 29708 which could complement a ProU mutant of E. coli.
E. coli proU mutant (GJ146) is distinguished from its parent E. coli MC4100 on MMA plates containing glucose as sole carbon source supplemented with uracil, 600 mM NaCl and 1 mM glycine betaine. E. coli MC4100 grows in 600 mM NaCl with glycine betaine (1 mM) whereas E. coli GJ146 could not do so since it carried a proU deletion and, therefore, could not use glycine betaine as an osmoprotectant.
We transferred a cosmid library of A. lipoferum ATCC 29708 DNA, into the E. coli proU mutant, GJ146 [14] by biparental mating. Plasmids isolated from the eight clones were digested with SalI and resolved in agarose gel. The pro¢le of restriction fragments of the eight clones could be divided into four representative clones shown in Fig. 3 . Comparison of the restriction fragments indicated that seven DNA fragments were common among all the four clones whereas some bands were either present in two clones or were unique.
In order to test physical homology of the proU gene probe of E. coli with the selected A. lipoferum cosmid clones a 5 kb EcoRV-HindIII fragment of the plasmid pHYD58 [14] was eluted and labelled with DIG. Hybridization of Southern blot containing DNA fragments of the four cosmid clones digested with PstI showed a positively hybridizing fragment of 8 kb in all the four clones. Fig. 3 shows positive hybridization signal with a 8 kb PstI fragment and 4.5 kb HindIII fragment in one of the selected cosmid clones pAT1. The 8 kb PstI fragment of pAT1 was cloned into the PstI site of a vector pSUP202 to yield the subclone pAT7.
The functional ability of the selected cosmid clone pAT1 which showed positive hybridization signal with E. coli proU probe and its subclone pAT7 was Fig. 2 .
QS S-methionine labelling of salinity stress-induced proteins and detection of glycine betaine binding protein on Western blot. Lanes 1 and 2 show the pro¢le of QS S-methionine labelled proteins of the cells before and after salinity upshock, respectively. Lanes 3 and 4 show the Western blot of the protein pro¢le of unstressed and salinity stressed cells after cross-reaction with anti-glycine betaine binding protein antibody. tested by comparing the e¡ect of glycine betaine on E. coli GJ146 containing cloned proU operon of E. coli on pHYD58 and E. coli GJ146 containing cosmids clone pAT1 and the subclone pAT7 (Fig.  4) . E. coli GJ146 could not use 1 mM glycine betaine as osmoprotectant in presence of 600 mM NaCl whereas E. coli GJ146 derivative containing pHYD58 showed the osmoprotective e¡ect of glycine betaine. Similarly, E. coli GJ146 derivatives containing pAT1 and pAT7 also showed osmoprotective e¡ect of glycine betaine (Fig. 5) . The ability of the cosmid clone and the subclone containing A. lipoferum genomic DNA to complement proU mutation of E. coli and to show positive hybridization signal indicated that the selected clones contained complete proU operon of A. lipoferum.
Discussion
The ability of glycine betaine to act as an osmoprotectant, induction of a ca. 30 kDa protein in re- sponse to salinity stress and the cross-reaction of this protein with the antibody against E. coli glycine betaine binding protein suggested for the existence of a ProU-like system in A. lipoferum ATCC 29708. Identi¢cation of the genetic loci from A. lipoferum showing physical homology with an E. coli proU probe and the capability of the A. lipoferum DNA regions to complement E. coli ProU mutant further supported this observation.
In contrast to our present observation on A. lipoferum ATCC 29708, A. lipoferum ATCC 29709 has earlier been shown to lack the osmoregulatory properties. It catabolized choline, glycine betaine, glutamate and proline as sole source of carbon and nitrogen [5] . The inability of A. lipoferum ATCC 29709 to use these compounds as compatible solutes during osmotic stress was thought to be responsible for its osmosensitivity. However, reports on isolation of A. lipoferum strains in high numbers from the rhizoplane and rhizosphere of the salt tolerant Kallar grass [15] and from the saline paddy soils [16] indicate that the osmoregulatory characteristics in Azospirillum are not species speci¢c rather they might be strain speci¢c, depending on the habitat from which the strain is isolated. A. lipoferum ATCC 29708 is an isolate from the rhizosphere of wheat which, under salinity stress accumulates glycine betaine whereas A. lipoferum ATCC 29709 was isolated from the rhizosphere of maize which does not accumulate glycine betaine [17, 18] . The ability of wheat roots to exude glycine betaine might create a niche in the rhizosphere which might enrich the bacteria capable of utilizing glycine betaine as an osmoprotectant. Hence the existence of a glycine betaine transport system in the strain ATCC 29708 and its absence in the strain ATCC 29709 is not unexpected. Further, RFLP and DNA ¢ngerprint analyses of the two A. lipoferum strains show notable di¡erences re£ecting the genetic distance between them [19] .
